The structural gene (FDH1) coding for NAD ؉ -dependent formate dehydrogenase (FDH) was cloned from a genomic library of Candida boidinii, and the FDH1 gene was disrupted in the C. boidinii genome (fdh1⌬) by one-step gene disruption. In a batch culture experiment, although the fdh1⌬ strain was still able to grow on methanol, its growth was greatly inhibited and a toxic level of formate was detected in the medium. In a methanol-limited chemostat culture at a low dilution rate (0.03 to 0.05 h ؊1 ), formate was not detected in the culture medium of the fdh1⌬ strain; however, the fdh1⌬ strain showed only one-fourth of the growth yield of the wild-type strain. Expression of FDH1 was found to be induced by choline or methylamine (used as a nitrogen source), as well as by methanol (used as a carbon source). Induction of FDH1 was not repressed in the presence of glucose when cells were grown on methylamine, choline, or formate, and expression of FDH1 was shown to be regulated at the mRNA level. Growth on methylamine or choline as a nitrogen source in a batch culture was compared between the wild type and the fdh1⌬ mutant. Although the growth of the fdh1⌬ mutant was impaired and the level of formate was higher in the fdh1⌬ mutant than in the wild-type strain, the growth defect caused by FDH1 gene disruption was small and less severe than that caused by growth on methanol. As judged from these results, the main physiological role of FDH with all of the FDH1-inducing growth substrates seems to be detoxification of formate, and during growth on methanol, FDH seems to contribute significantly to the energy yield.
The methylotrophic yeasts have attracted much attention as a tool for molecular and cell biology. Strong, methanol-inducible gene expression systems have been established for Pichia pastoris, Hansenula polymorpha, and Candida boidinii. These gene expression systems have been used in many laboratories to express eucaryotic genes in order to analyze their products and have also been applied to the industrial production of useful proteins economically (6, 10, 16, 20, 21) . In the academic field, these methylotrophic yeast strains are used as model organisms for examining the molecular mechanism of peroxisome assembly, since peroxisome proliferation is inducible and robust in these yeast strains (22, 27) .
The first enzyme involved in yeast methanol metabolism, alcohol oxidase (AOD; EC 1.1.3.13), is localized in peroxisomes. AOD oxidizes methanol to formaldehyde, and the formaldehyde is subsequently fixed to xylulose 5-monophosphate through the reaction of peroxisomal dihydroxyacetone synthase (EC 2.2.1.3) or subjected to direct formaldehyde oxidation in the cytosol. Formaldehyde seems to be oxidized to formate in a glutathione-dependent or glutathione-independent manner. The former reaction involves glutathione-dependent formaldehyde dehydrogenase (FLD; EC 1.2.1.1), and the latter reaction, which we described recently, involves methylformate synthase (14, 19) . Subsequently, the last reaction involved in the methanol dissimilation pathway is catalyzed by NAD ϩ -dependent formate dehydrogenase (FDH; EC 1.2.1.2). There is some discrepancy regarding the role of FDH in the methylotrophic growth of yeast cells. Bystrykh et al. reported that an FDH-deficient mutant of H. polymorpha could not grow on methanol (4) . On the other hand, Sibirny et al. reported that neither FLD nor FDH was essential to the energy supply for the methylotrophic growth of H. polymorpha (26) . However, the data of both groups are very limited, especially those on FDH-deficent mutant strains. FDH mutants from both groups were selected after random mutagenesis, and their only experimental criterion was deficiency in FDH activity.
FDH from C. boidinii is the most commonly used enzyme for regenerating NADH from NAD ϩ in many bioreactor reactions, and it is commercially available. Also, since FDH activity is induced with methanol medium and FDH accumulates up to 20% of soluble proteins in the cell extract, high-level expression using the FDH promoter has been achieved with H. polymorpha (10) . However, there have been no detailed studies on the regulation of FDH at the molecular level.
In this study, we cloned the FDH1 gene encoding for FDH from the C. boidinii genome and derived a strain with FDH1 deleted (fdh1⌬ mutant strain) by means of the C. boidinii gene disruption technique (23) to determine the knockout effect on growth on various carbon and nitrogen sources. Our experiments showed that FDH1 is induced not only in cells grown on methanol as a carbon source but also in those grown on methylamine or choline as a nitrogen source, which suggests that FDH plays an important role in growth on these FDH1-inducing substrates through the detoxification of formate.
MATERIALS AND METHODS
Yeast and bacterial strains, media, and cultivation. C. boidinii S2 (18) was the source of FDH and chromosomal DNA. C. boidinii TK62 (ura3) (18) was used for transformation. Gene convertant C. boidinii GC (20) was used as the wildtype control strain for comparison with the C. boidinii fdh1⌬ mutant. Escherichia coli JM109 (24) was used for plasmid propagation and for the construction of a C. boidinii S2 genomic library.
MI medium (20) was used as the basal medium, and the carbon and nitrogen sources were changed as follows: the concentrations of the carbon and nitrogen sources used were 0.7 or 1.5% (vol/vol) methanol, 0.5% (vol/vol) oleate, 0.6% (wt/vol) D-alanine, 3% (vol/wt) glycerol, 2% glucose (wt/vol), 0.76% (wt/vol) NH 4 Cl, 0.5% (wt/vol) methylamine hydrochloride, 0.3% (wt/vol) choline chloride, and 1.0% (wt/vol) sodium formate. Tween 80 (Sigma) was added to the oleate medium at 0.05% (vol/vol). The initial pH of the media was adjusted to 6.0. Cultivation was performed on a shaker incubator at 28°C, and growth was monitored by measuring light scattering at 610 nm. The formate and formaldehyde levels in the medium were monitored by the methods of Lang and Lang (12) and Nash (15) , respectively.
E. coli was grown at 37°C in 2ϫ YT medium (24) supplemented, when necessary, with ampicillin (50 g/ml).
Enzyme assays. Cells were suspended in 0.1 M potassium phosphate buffer, pH 7.0, and then transferred to a 2-ml Eppendorf tube containing an equal volume of 0.5-mm zirconium beads. The tube was shaken vigorously for 30 s in a 3110BX mini-beadbeater (Biospec Products) and then chilled on ice for 30 s. This procedure was repeated six times, and the cell debris was removed by centrifugation at 16,000 ϫ g for 5 min at 4°C. The resultant supernatant was immediately subjected to an enzyme activity assay. FDH activity was measured by determining the rate of NADH formation at 340 nm at 30°C as described previously (25) . One unit of enzyme activity was defined as the amount of enzyme which produced 1 mol of NADH per min. AOD (28) and glutathione-dependent FLD (25) activities were determined as described previously. Protein was determined by the method of Bradford with a protein assay kit (Bio-Rad Laboratories) with bovine serum albumin as the standard (3). Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was performed with a polyacrylamide slab gel by using a Tris-glycine buffer system as described by Laemmli (11) .
Purification of FDH. Methanol-grown cells of C. boidinii were harvested and washed with 50 mM Tris-HCl buffer (pH 8.5). The cells were disrupted with a 200M Insonator (KUBOTA), and the cell debris was removed by centrifugation at 20,000 ϫ g. The resultant supernatant was applied to a DEAE-Sephacel column equilibrated with 50 mM Tris-HCl buffer (pH 8.5). After washing of the column with the same buffer, elution was carried out with a gradient of 0 to 0.5 M KCl in 50 mM Tris-HCl buffer (pH 8.5). The active fractions were pooled, concentrated, and subsequently saturated with 3.0 M ammonium sulfate. The enzyme was then applied to a Butyl-Toyopearl column equilibrated with 3.0 M ammonium sulfate in 50 mM Tris-HCl buffer (pH 8.5). After washing of the column with the same buffer, elution was performed with a gradient of 3.0 to 0 M ammonium sulfate. The active fractions were pooled, concentrated, and subsequently applied to a Superdex 200 column equilibrated with 50 mM Tris-HCl buffer (pH 8.5).
Determination of partial amino acid sequences. The purified enzyme was subjected to SDS-PAGE and then electroblotted onto a polyvinylidene difluoride membrane. For determination of the internal amino acid sequences, the immobilized protein was reduced and S-carboxymethylated in situ prior to Achromobacter protease I (API) digestion. API digestion was performed for 16 h at 37°C. Peptide fragments released from the membrane were separated by reversephase high-pressure liquid chromatography on a Wakosil-II AR column. Amino acid sequence analysis of each peptide was performed with a gas-phase sequencer (Shimadzu PSQ-2).
DNA methods. Yeast DNA was purified by the method of Cryer et al. (7) or Davis et al. (8) . Southern analysis was performed essentially as described previously (18) , by using an enhanced chemiluminescence detection kit from Amersham Corp. (Arlington Heights, Ill.). Transformation of C. boidinii TK62 (ura3) was performed by the modified lithium acetate method as described previously (17) . pBluescript II SKϩ and pBluescript KSϪ were from Stratagene Ltd. (La Jolla, Calif.), and pUC18 was from New England BioLabs (Beverly, Mass.). DNA was sequenced by using a PRISM DyeDeoxy Terminator Cycle Sequencing Kit and a 373A DNA sequencer (Applied Biosystems) as described previously.
Northern analysis. Total RNA was extracted from C. boidinii cells grown on various carbon and nitrogen sources by using ISOGEN (NIPPON GENE Co., Ltd.), and electrophoresed on a 0.8% agarose gel made with 20 mM morpholinepropanesulfonic acid (MOPS) buffer containing 1 mM EDTA and 2.2 M formaldehyde. Hybridization was performed under high-stringency conditions with a 32 P-labeled probe of a 0.9-kb PCR fragment of the C. boidinii FDH1 coding region or a 0.9-kb ClaI-HindIII fragment harboring C. boidinii ACT1 DNA (coding for actin) (22) . Labeling was performed by the random primer extension method of Feinberg and Vogelstein (9) . The size of the hybridizing band was estimated from the mobilities of the 0.25-to 9.5-kb RNA ladder (GIBCO Bethesda Research Laboratories).
Cloning of the C. boidinii FDH1 gene. According to the amino acid sequences YDAGKHAA, from the N-terminal sequence, and GNAMTPHY, from an internal amino acid sequence, a forward primer (a 64-fold redundant 31-mer [5Ј-CGCggatccTAYGATGCWGGWAARCAYGCWG-3Ј]) and a reverse primer (a 64-fold redundant 32-mer [5Ј-CGCggatccTARTGWGGWGTCATWGCRT-TWCC-3Ј]) were designed and synthesized. Both primers have an additional BamHI site at the 5Ј end (in lowercase letters) for subcloning of the PCR fragment.
PCR amplification was performed with a PC-700 (ASTEC Co., Ltd.) by using Taq polymerase. The amplified 0.9-kb PCR fragment was BamHI digested and then subcloned into the BamHI site of pBluescript II SKϩ. On nucleotide sequence analysis, the nucleotide sequence at the end of the 0.9-kb insertion was found to be completely identical to the nucleotide sequence deduced from the corresponding amino acid sequence. The propagated recombinant plasmid was then BamHI digested, and the resultant 0.9-kb fragment was gel purified and used as a probe for hybridization experiments.
Since the 32 P-labeled, PCR-amplified fragment hybridized specifically at a size of 3.0 kb, a pool of EcoRI-digested genomic DNA of approximately this size was gel purified and ligated into the EcoRI site of pBluescript II SKϩ. Transformants were transferred onto a Biodyne nylon membrane (Pall Bio Support, New York, N.Y.). After lysis of the bacteria and binding of the liberated DNA to the nylon membrane, the blot was used for colony hybridization under high-stringency conditions with Church-Gilbert buffer (1% bovine serum albumin, 1 mM EDTA, 0.25 M NaCl, 0.25 M NaPO 4 [pH 7.2], 7% SDS) (5). Hybridization was performed overnight at 65°C, and then the membranes were washed three times in 0.3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at the same temperature. The five clones that showed strong positive signals were found to harbor a reactive 3.0-kb EcoRI fragment. All five clones contained the C. boidinii FDH1 gene.
Construction of an FDH1 gene disruption cassette and one-step gene disruption. pBluescript II SKϩ was HindIII digested and blunt ended with T4 polymerase and then subjected to self-ligation to destroy the unique HindIII of the vector. The 3.0-kb EcoRI fragment derived from pFDH1 (harboring the entire coding sequence of FDH1) was gel purified and then introduced into a HindIII-destroyed pBluescript II vector. The plasmid obtained was digested with HindIII to remove a ca. 0.5-kb fragment including most of the coding sequence of FDH1. The remaining linearized plasmid and the 3.6-kb SalI fragment of C. boidinii URA3 (23) were gel purified, blunt ended with T4 polymerase, and then subjected to ligation. This resulted in the FDH1 disruption vector pDFDH. After propagation of pDFDH in E. coli, pDFDH was EcoRI digested and used to transform C. boidinii TK62 to uracil prototrophy. The disruption of FDH1 was confirmed by genomic Southern analysis of EcoRI-digested DNA from a Ura ϩ transformant by using the 0.9-kb PCR fragment as a probe (23) .
Nucleotide sequence accession number. The nucleotide sequence of FDH1 has been submitted to GenBank and assigned accession no. AF004096.
RESULTS
Cloning of C. boidinii FDH1 and its primary structure. FDH was purified to homogeneity by column chromatography as judged from the single band on SDS-PAGE. The N-terminal sequence and 11 internal peptide sequences were determined (Fig. 1) . Synthetic oligonucleotides were designed on the basis of the amino acid sequence of one obtained from the Nterminal sequence and another obtained from the internal peptide sequence as described in Materials and Methods. The PCR with the C. boidinii genomic DNA amplified a 0.9-kb fragment, and the DNA sequence of the fragment could code for an open reading frame (ORF) of peptide fragments obtained from API digests of purified FDH. Since Southern analysis involving EcoRI-digested genomic DNA and use of the 0.9-kb PCR fragment as a probe revealed a specific 3.0-kb band, the corresponding DNA of this size was gel purified and a gene library was constructed on pBluescript SKϩ. Colony hybridization selection gave five independent positive clones giving identical physical maps, as shown in Fig. 2A .
The nucleotide sequence of the 2.5-kb EcoRI-XbaI fragment was determined and revealed to harbor an ORF of 1,095 bp containing 11 peptides detected on amino acid sequence analysis. The deduced amino acid sequence of this ORF is 99 and 78% identical to the FDH-coding genes of C. methylica and H. polymorpha, respectively. The sequenced portions of the 5Ј and 3Ј flanking regions are also highly similar to those of C. meth-
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ylica (1) . From these observations and the following gene disruption analysis, we concluded that this ORF encodes the gene for FDH in C. boidinii and named it FDH1. Disruption of the FDH1 gene causes a severe defect in growth on methanol. Next, the gene disruption vector pDFDH was constructed as described in Materials and Methods and then introduced into the genome of C. boidinii TK62 (ura3). The disruptant obtained was named the fdh1⌬ mutant. Proper gene disruption was confirmed by genomic Southern analysis with EcoRI-digested genomic DNA with a 32 P-labeled probe (Fig. 2B) . The DNA from the wild-type strain gave a single 3.0-kb band. This band shifted to 6.1 kb in the case of the fdh1⌬ mutant, as expected from the gene disruption caused by homologous recombination with pDFDH. In addition, the methanol-induced fdh1⌬ mutant did not exhibit any detectable FDH activity. These results confirmed that C. boidinii S2 contains only one gene coding for FDH.
Wild-type and fdh1⌬ mutant cells were compared for the ability to grow on methanol as a carbon source in a batch culture (Fig. 3A) . Although its growth on methanol was severely inhibited, the mutant was still able to grow on methanol. Formate accumulated up to 4 mM in 4 days in the medium of the fdh1⌬ mutant (Fig. 3B) , which was the growth-inhibitory level of formate for C. boidinii (data not shown). The levels of formaldehyde accumulation were similar between the fdh1⌬ mutant and the wild-type strain (Fig. 3C) . The ability of the fdh1⌬ mutant to grow on methanol was further confirmed by a methanol-limited chemostat culture in which the accumulation of formate (and formaldehyde) could be minimized. At a low dilution rate within the range of 0.03 to 0.05 h Ϫ1 , neither formate nor formaldehyde was detected in the culture medium of either strain. The growth yield of the fdh1⌬ strain was about one-fourth of that of the wild-type strain (Fig. 3D) . On the other hand, a negative control strain, C. boidinii aod1⌬, could not grow in a methanol-limited chemostat culture (data not shown). Thus, although disruption of the FDH1 gene caused a severe defect in growth on methanol, FDH1 was not essential for growth on methanol. And the NADH generation reaction catalyzed by FDH seems to contribute to the energy yield in methanol-grown cells.
From these results, we assume that the observed growth inhibition of the methanol-grown fdh1⌬ mutant could be caused by (i) the toxicity of accumulated formate or (ii) an energy deficiency.
Regulation of FDH1 expression with various carbon and nitrogen sources. Since the reaction catalyzed by FDH is located downstream of formaldehyde, it might also be regulated by methylamine or choline, whose metabolism was supposed to yield formaldehyde and then formate (2, 13) . First, regulation of FDH enzyme activity was extensively studied with various combinations of carbon and nitrogen sources.
Among the carbon sources tested when NH 4 Cl was used as a single nitrogen source, only methanol gave a high level of FDH activity (Fig. 4A, lanes 1 to 5) . Glycerol-grown cells did not exhibit an induced level of FDH activity (Fig. 4A, lane 2) , while the same cells exhibited a significant level of AOD activity. When the medium contained glucose or both methanol and glucose, FDH activity was repressed (Fig. 4A, lanes 1 and  14) . On the other hand, when methylamine or choline was used as a single nitrogen source in place of NH 4 Cl, FDH activity was induced in glucose-or glycerol-grown cells (Fig. 4A, lanes 6 to  9) . However, when NH 4 Cl was present together with methylamine or choline, FDH activity was repressed (Fig. 4A, lanes  10 and 11) .
Since metabolism of all of these growth substrates showing induced levels of FDH activity, i.e., methanol, choline, and methylamine, could yield formate (see below), these results suggest that the FDH1 induction observed was induced by formate itself. Since C. boidinii could not grow on formate as a single carbon source, formate was added to the culture medium of glycerol-or glucose-grown cells and then FDH activity was determined. As shown in Fig. 4A (lanes 12 and 13) , these cells exhibited an induced level of FDH activity.
Next, we conducted Northern analysis of FDH1 expression by using total RNA extracted from wild-type C. boidinii cells grown on each set of carbon and nitrogen sources. As shown in Fig. 4B , band intensity paralleled the FDH enzyme activity shown in Fig. 4A . Thus, the FDH1 expression observed was confirmed to be controlled mainly at the mRNA level.
Growth of the fdh1⌬ mutant on methylamine or choline as a nitrogen source. FDH1 expression was induced not only in methanol-containing medium but also in a methylamine-and choline-containing media. To confirm the involvement of FDH1 in methylamine-or choline-grown cells, we compared the wild-type strain and the fdh1⌬ mutant for growth on methylamine or choline. As described above, although the growth of the fdh1⌬ mutant on methanol and NH 4 Cl as carbon and nitrogen sources, respectively, was inhibited, its growth on glucose-NH 4 Cl was not affected at all. The growth of the fdh1⌬ mutant on glucose-methylamine and glucose-choline media was slightly inhibited but not as severely as growth on methanol as a carbon source. However, a five-to eightfold higher level of formate (1.8 to 2.8 mM after 84 h) was detected in the culture medium of the fdh1⌬ strain than in that of the wild-type strain. When glucose-NH 4 Cl was used for the growth medium, formate was not detected. From these results, we assume that formate accumulation is the main reason for the growth defect of the fdh1⌬ mutant with methylamine or choline as a nitrogen source. Addition of NH 4 Cl to glucose-methylamine or glucosecholine restored the growth of the fdh1⌬ strain to the level of the wild-type strain. These findings are consistent with the previous result, i.e., FDH1 is not expressed when NH 4 Cl is present together with methylamine or choline (Fig. 4A , lanes 10 and 11). In conclusion, FDH1 disruption caused a growth defect with all of the FDH1-inducing growth substrates, but the effect of FDH1 disruption on growth was mild with methylamine (glucose-methylamine) or choline (glucose-methylamine) but severe with methanol (methanol-NH 4 Cl).
DISCUSSION
In this study, we cloned the FDH1 gene encoding FDH in C. boidinii and analyzed the regulation of FDH1 expression with various carbon and nitrogen sources. Also, the importance of FDH in various metabolic processes was evaluated as the growth ability of an fdh1⌬ gene disruptant strain, with FDH1-inducing carbon or nitrogen sources, i.e., methanol, choline, and methylamine. The observed growth inhibition clearly dem- onstrates that FDH is indeed involved in these metabolic processes, although it is not essential for growth. The growth capability of the fdh1⌬ mutant was not due to the existence of a locus other than FDH1 coding for FDH, since FDH activity was completely lost by the fdh1⌬ strain and genomic Southern analysis under low-stringency conditions did not provide any indication of the existence of sequences similar to FDH1 (data not shown). Although two contradictory results have been reported for the growth ability of FDH-negative strains of H. polymorpha in methanol-containing medium (4, 26) , our observation for the C. boidinii fdh1⌬ mutant is more similar to observations described by mutant Sibirny et al. (26) ; i.e., FDH was not essential for methylotrophic growth, and formate was detected in the culture medium. Furthermore, we showed that (i) FDH1 is induced when C. boidinii is grown on methylamine or choline as a nitrogen source; (ii) cells of the fdh1⌬ mutant grown on methylamine or choline accumulate a considerable amount of formate; (iii) however, the growth inhibition in the fdh1⌬ mutant observed with methylamine or choline as a nitrogen source is less than that observed with methanol as a carbon source; and (iv) addition of formate induces FDH1 expression. These observations support the notion that the physiological role of FDH is mainly in the detoxification of formate. However, this does not exclude the possibility that FDH also contributes to energy metabolism. Indeed, the growth yield of the fdh1⌬ mutant in a methanol-limited chemostat culture was only about one-fourth of that of the wild-type strain, formate not being detected in the culture medium. We assume that NADH generated through an FDH-catalyzed reaction also contributes to the energy yield during growth on methanol.
Regulation of FDH1 expression by carbon and nitrogen sources has been extensively analyzed at both the enzymatic and mRNA levels, and we recently confirmed that this regulation is controlled at the transcriptional level by placing the reporter gene under the control of the FDH1 promoter (15a). FDH1 expression was observed when cells were grown on methanol as a carbon source or grown on methylamine or choline as a nitrogen source. Furthermore, the coexistence of NH 4 Cl with choline or methylamine did not induce the expression of FDH1. However, this may not be a direct effect of nitrogen repression. The metabolism of these substrates results in formate formation, and formate itself could induce FDH1 expression. It is quite possible that glucose represses AOD and the utilization of methanol, thus preventing formation of formate.
While both the FDH1 and AOD1 promoters are methanol inducible and strong promoters, useful for heterologous gene expression in the methylotrophic yeasts, they were found to differ in many aspects of regulation (Fig. 4A) . (i) While a considerable level of AOD1 expression was detected in cells grown on glycerol, FDH1 expression was not detected at all.
(ii) FDH1 was induced when cells were grown on methylamine or choline as a nitrogen source, while AOD1 was not. (iii) FDH1 expression could be induced by formate even when cells were grown on glucose as a carbon source, while AOD1 expression was completely repressed with glucose. As judged from these observations, the regulatory mechanisms of the AOD1 and FDH1 promoters seem to be quite different at the molecular level, i.e., inducer, cis element, trans factor, and their regulatory circuits. Since one of the disadvantages of the AOD1 promoter in the methylotrophic yeast gene expression system is that it is completely repressed by glucose, with which the growth rate is the highest (20) . The use of the FDH1 promoter in glucose-containing medium will enable us to establish a novel induction and expression method for efficient gene expression in the methylotrophic yeasts. We are currently using the FDH1 promoter to produce heterologous proteins in C. boidinii and analyzing the molecular mechanism of FDH1 expression.
